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Abstract

Memristive properties of thin film copper oxides with different grain sizes were
characterized using tunneling atomic force microscopy (TUNA) and optical reflection
measurements. The thin films containing copper ions of different chemical states were
prepared by thermal oxidation of metallic copper thin films, deposited via magnetron
sputtering onto silicon wafer substrates at an elevated temperature for various lengths of
time. The TUNA measurements showed a memristive hysteresis in the I-V curves under
an applied bias profile with an initial bias of -3.5V, a ramp up to 3.5V, and subsequent
return to -3.5V. Histogram analysis of the barrier height distribution for the forward and
backward bias indicated that the barrier height fluctuates in a narrow range of bias
voltages that are related to electrochemical potentials for oxidation/reduction of copper
ions. Changes in chemical state of copper atoms were identified by optical reflectance
measurements in UV-VIS-NIR wavelength regions. The growth of the thin films,
including grain size, were characterized by topographic AFM imaging and changes in
optical absorption bands due to the quantum size confinement effects. The fluctuations in
the I-V measurements are theorized to be results of electrochemical changes as mobile
ions migrate along grain boundaries due to heterogeneities in grain orientation/structure.
A subtle periodic behavior and the variability of the I-V data suggest a correlation with
grain size distribution. The asymmetric distribution in the barrier height may indicate
that a different probability for injecting an electron in and withdrawing an electron from

the films.
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MEMRISTIVE PROPERTIES OF THIN FILM CUPROUS OXIDE

. Introduction

Electronic switches, namely solid state transistors, have revolutionized the world by
providing us with cheap and fast methods of data processing. However, transistors as
they are currently designed are approaching some physical and theoretical limits of size.
As the transistor has approached the nanometer regime it has encountered problems due
to quantum effects specifically increases in quantum tunneling [1]. To continue the trend
of increasing data processing power per area, many efforts are ongoing to develop
different methods of data processing and various designs of new electronic switches.

Another area of concern with current solid state transistors is their volatile nature,
namely they require power to maintain their state of memory. Indeed there have been
many methods to develop non-volatile memory, and while many of these methods have
proven successful they seem to have drawbacks such as cost, size, or performance. The
concept of a memristor may be the answer to both issues of size and non-volatile
memory.

Leon Chua first developed the concept of the memristor in the 1970s. The three
fundamental two-terminal elements in circuits, namely resistors, conductors, and
inductors demonstrate the relationship of two of the four principle characteristics of a
circuit—voltage, current, flux, and charge. However, these elements cannot relate flux to

charge. Leon Chua identified the incompleteness of the electric circuit theory and



described a fourth element that would relate charge to flux. He identified this element as
a memristor [2].

The memristor, with memristance M, defines the rate of change of flux with charge
[2][3][4]. The theory has been used to describe many different systems theoretically but
a fundamental circuit element had proven difficult to realize due to the focus on flux and
charge [4]. It wasn’t until the connection was made that a memristor also was typified by
the nonlinear relationship between current and voltage that progress was made on
fabricating a device [4]. This relationship is typified by a hysteresis loop on the I-V
curve and also by the relationship of current to the change in voltage. Such a current-
voltage relationship is typical of the bipolar-resistive switching phenomena which has
been observed and studied since the 1960s [5][6] and is the mechanism used today in
resistive random-access memory (RRAM).

Bipolar-resistive switching is a phenomenon that occurs when a voltage is applied
over a dielectric material, solid electrolyte, transition metal-oxide, or semiconductor
material. On a macroscopic scale, such a metal/insulator/metal (M1M) system describes a
capacitor. The dielectric medium in the capacitor has high resistance preventing current
to flow. When a significantly high voltage is applied across the medium, it irreversibly
breaks down; no longer able to stop the flow of current. On a nanometer scale, applying
even a small voltage across such a short distance creates an enormous electric field. Such
a field not only causes the flow of electrons but also causes ions to move within the
medium [1][7]. This ion movement causes a change in the resistive state of the medium.

Furthermore, by reversing the polarity of the applied voltage the medium can return to its



original resistance, hence demonstrating the features of an electric switch. The resulting
I-V curve is due to the coupling of electronic and ionic mobilities and can be best
described as a memristive relationship [1]. Many times researchers dismissed this
phenomenon as “anomalous” or due to “spurious phenomenon attributed to the high
voltages”, but it is apparent now that memristance becomes more prevalent as the
medium approaches the nanometer scale and even becomes the dominant relationship [8].
Memristance is therefore ideally suited for the nanometer regime of electronics.

Within the last decade there has been additional studies trying to identify the
mechanism(s) involved with bipolar-resistive switching. Strukov et al describes the
mechanism as a shift in the dividing line between two states of a transition metal oxide
[4]. As oxygen vacancies migrate from a conducting oxygen-deficient layer into an
insulating stoichiometric layer it changes the resistance of that layer. The vacancy
movement continues until a minimal resistive state is reached at which point the polarity
of the applied voltage can be reversed sending the oxygen vacancies back into the
oxygen-deficient layer.

Other evidence supports a different approach describing the dominant process taking
place as the growth of microfilaments through the medium connecting the two electrodes
[1]. Prior to any filament growth the medium is in a high-resistance state. After applying
a relatively high “forming” voltage, the medium experiences a “soft” dielectric
breakdown in a region between the two electrodes [9]. This region experiences a change
in valence and typically is along a defect [1]. Within this region a filament grows

connecting the two electrodes. Once the medium has gone through the forming process it



changes to a low-resistance state. This binary switch remains in this low-resistance state
until a RESET voltage of opposite polarity is applied hence demonstrating a non-volatile
characteristic. This change in polarity causes the ions to migrate through the medium in
the opposite direction returning it to its high-resistance state. After the forming process,
the medium can be cycled through the two resistive states by applying a SET voltage that
is lower than the forming voltage and a RESET voltage [1]. The process is reversible and
has been shown to occur along the same path of prior filament growth [1].

Explanations have been given for filament growth in the MIM system, but not all
systems or materials support the theory and other explanations are used to describe the
resistive switch mechanism. lon hopping is thought to be the dominant mechanism
leading to filament growth. Charged ions begin to build up at the electrode thus creating
a cation filament and/or region of reduced valence. This build-up continues until a
connection between the electrodes is made. This process tends to take place along
dislocations, defects, or boundaries where movement is more conducive due to lower
activation energies [1]. One question is what part joule heating plays in the filament
growth. There is a possibility the flow of electrons could heat the path to the point of
reducing the region and causing the oxygen ions to vacate [1]. Studies have also been
done to determine the effect electrode area plays in the observed current raising questions
as to whether multi-filaments and multiple paths are possible [1].

Another theory that has been used to describe the I-V behavior of the resistive
switches is space-charge-limited-current (SCLC) theory [10]. SCLC describes the

injection of carriers from an ohmic contact into a thin film insulator or semiconductor.



The 1-V relationship is characterized first by a linear region of high resistance, followed
by a region where the relationship is described by Child’s Law (current is proportional to
V), and lastly another linear region beginning at the trap-filled-limit voltage (V1r.) with
a steep increase in current. The theory describes this behavior to be dictated by traps
within the bandgap that are filled by the injection of carriers from the ohmic contact. The
measured current in turn is influenced as these traps are filled and the Fermi energy level
changes. It appears as though this theory focused on micron thick films when first
developed and not nanometer thick films which opens further questions as to the
influence the high electric fields will impact the behavior of the charge carriers within the
film.

In 2008 Strukov et al reported successful design of a memristor device [4]. The
device used depleted TiO, as the dielectric medium in a crosshatch design. A thin wire
of conducting titanium, serving as one electrode, is layered with a thin film of insulating
TiO, and another thin film of TiO,4 which is a good conductor due to the oxygen
vacancies donating electrons. The other electrode is formed by laying thin conducting
wires of Pt across the top of the TiO; film thus completing the MIM structure. In this
system, oxygen vacancies act as mobile charged dopants, which drift in the applied
electric field. As they drift they shift the dividing line between the TiO, and TiO, layers
and consequently change the resistance. The crosshatch design is thought to be the
optimal configuration for bits per area and work is already being done to incorporate such

a device into circuits [8].



This system has proven to perform well because TiO, serves as a good medium due to
the high mobility of oxygen vacancies within the lattice and the high conductivity of
TiO,x. Another material that seems promising is Cu,O because Cu™ has high mobility
and should drift well through the Cu,O lattice. Copper is also inexpensive, a current
staple of electronics, and is non-hazardous. Work has already been done demonstrating

the memristive properties of copper making it ideal for further study [11].

1. Problem Statement

Electronics are increasingly becoming smaller and faster. Theory and evidence shows
the memristor to be a possible answer to the problems encountered when designing
electronics at the nanometer scale. Experiment has demonstrated memristors can be
made via the bipolar resistive switching phenomenon found in transition metal-oxides.
The transition metal-oxide Cu,O has properties favorable for the electronics industry and
may prove an excellent material as a memristor device. It is the focus of this effort to add
further knowledge to the memristive properties of Cu,0 and its possible application as a

memristor device using atomic force microscopy (e.g., TUNA module).

2. Research Objective

The objective of this current effort is to characterize the electronic properties of thin
film Cu,O using the AFM. This effort will aim at correlating the oxidation state of the
Cu,O film with the observed I-V relationship and draw conclusions to the process taking
place leading to the non-linear relationship. The oxidation state will be characterized

using visible spectroscopy and the I-V relationship will be measured via TUNA.



There are many interesting aspects of this phenomenon that could be studied in greater
detail such as forming voltage, SET voltage, RESET voltage, switching speed, Cu®
mobility, effects of thickness and oxygen concentration, effects of electrode size, effects
of boundary and plane orientation, filament growth, and the change in valence
boundary/oxidation state due to applied voltages. Another area of interest is the
contribution of Joule heating to filament growth. It may be possible to measure the heat
created from the flow of electrons between to lateral electrodes using the AFM with a
thermal module. There have also been studies showing the impact of dopants to the
mechanism. One study describes the dopants as islands which connect the filament as it
grows from island to island. It is thought that such dopants could increase switching
speeds. Another concern may be the effects of temperature or radiation on resistivity.
Many applications require electronics to operate in either extremely cold or extremely hot
conditions or be radiation hardened. The various temperatures may affect switching
speeds or the measured resistance. An extreme change in temperature or radiation may
switch the state of the device.

Other aspects that could be studied are the effects of annealing, oxide growth methods
(i.e. thermally grown oxide, chemically oxidized, vs. sputtered copper-oxide), and
electrode material. Annealing can affect the carrier mobility and may alter the
memristance of the material. Rakhshani reported changes in electrical properties of
electrodeposited films versus cuprous oxide films thermally grown on bulk copper [12].
The material of the electrode may also play a role in memristance due to the change in

space charge regions or hole/electron carriers.



3. Research Impact

Memristors could provide ultra dense memory at remarkable speeds. In addition, they
provide a viable and cost-efficient answer to non-volatile memory; furthermore they
prove to be well-suited to function as an EMP hardened form of memory. Companies are
currently designing electronics to incorporate memristors [8]. Some materials may even
have continuous-resistive states or multiple resistive states opposed to bi-resistive states
which could ultimately lead to analog memory as found in the neurons of the brain.
Cu,0O might demonstrate properties well-suited for use as a memristor. AFM techniques
developed and used in this effort may also show promise for future studies of memristive

materials.

4, Methodology

This effort will consist of sample preparation and various methods of characterization.
The samples will be prepared to create a metal-insulator-metal system on nearly
atomically flat doped-silicon wafers of <111> plane orientation. The samples will then
be cut into smaller samples and oxidized at varying times in order to create varying states
of oxidation on the surface. Reflectance data of the samples will be collected and used in
order to estimate the oxidation state. AFM data will also be collected in order to
characterize surface features and estimate how this data may impact other measurements.
The TUNA will be used to ramp from a negative voltage to a positive voltage and then
back to negative at stagnant locations in order to collect I-V data on the sample. The
collected data will then be used in order to draw conclusions as to the process taking

place at the surface of the sample.
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Figure 1. Schematic of the Atomic Force Microscope (AFM). A cantilever applies a small force on
the surface of a sample via a nanometer sharp tip. The deflections from the surface are relayed back
to the detector via deflections from the laser reflection off the backside of the cantilever and changes
in the force sensed by the piezo electric crystal.

The AFM is a powerful tool for studying nanotechnology. The AFM drags a
nanometer sharp tip across the surface of a material. As the tip moves across the surface
it is deflected by the surface features of the material. The AFM uses a laser to measure
the deflection of the tip by the surface thus providing an image of the surface. The AFM
is able to get nanometer resolution of surface features making it ideal for the study of
materials in the nanometer regime. By using a conductive tip and applying a voltage
across the sample and the tip, the AFM is also able to measure currents and tunneling
currents. The tunneling AFM (TUNA) measures tunneling currents across thin insulating

films which is well-suited for the study of bipolar resistive switching in oxide films.



Figure 2. Schematic of the principles of Scanning Tunneling Microscopy (STM) and Tunneling
Atomic Force Microscopy (TUNA). Much like the AFM, TUNA drags a tip across the surface and
collects surface data. TUNA and STM, however, apply a voltage across the sample from the sample
mount to the probe tip. This voltage results in a tunneling current that is read by the sensors and
provides electronic property profiles.

Diffuse reflectance spectroscopy probes the surface of the sample with light of varying
wavelengths. This light will be affected by many factors including band structure,
surface roughness, and sample thickness. Cuprous oxide has a bandgap of 2.1eV
(591nm) and cupric oxide has a bandgap of 1.2eV (1034nm) which absorbs light at those
energies/wavelengths which would result in a minimum in reflectance. As thickness
layers approach the size of the wavelength of the incident light (hundreds of nm to a few
microns) the reflected light can encounter constructive and destructive interference
leading to oscillations in the reflected light’s intensity with varying wavelength. The
thermally grown oxide has varying characteristics in bandgap, thickness, surface
roughness, and other characteristics which the reflectance data should be able to

highlight.
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Il.  Sample Production and Characterization

Sample Production
The samples are designed to create a MIM system using copper as an electrode,
copper oxide as the insulator, and the platinum/iridium doped silicon AFM tip as the
other electrode (shown in Figure 3). In order to prevent oxidation on the copper electrode
a gold electrode was placed on the copper. The wafer with the deposited metals is cut
into smaller samples for testing. The copper oxide is thermally grown by oxidizing the
exposed copper samples in a quartz tube furnace in a 50/50 mixture of oxygen and argon

gas flowing over the surface at 20 psi.

Platinum Iridium coated silicon conductive AFM tip

100 nm gold indirect

Electrical contactwith copper *

connection with G g \ -
AFMsample ==

[ d
;hUthOCOWN | LRSS LT L _—— 5-20nm copper oxide
ias | .
;:" “ 100 nm copper

—— Silicon substrate

Figure 3. Schematic of sample highlighting MIM structure with AFM tip as an electrode.

Two <111> silicon wafers were cleaned using methanol, acetone, isopropyl, distilled
water, nitrogen gas, and heated on a hot plate for approximately 60 seconds at 100 °C.
Thin layers of copper roughly 100 nm in thickness were deposited on the wafers using a
Denton 18 plasma deposition system in an argon atmosphere at a pressure of 3.7mTorr.

Sputter deposition is a form of physical vapor deposition (PVD) in which a target is

11



bombarded with ions causing particles on the target to be ejected and subsequently be
deposited on a substrate or sample. The method used in this effort was to create argon
plasma which is controlled by the magnetic fields of a magnetron. The magnetron directs
the argon ions to impact the copper target which ejects copper atoms onto the silicon
wafer. Once the copper was deposited, the wafers were removed and immediately placed
in the evaporation chamber where 100 nm of gold was deposited on top of the copper
through a stainless steel shadow mask (as shown in Figure 4). Evaporation deposition is
another form of PVD in which the target material is heated until it boils off and is
subsequently deposited on the sample. This method was used due to available resources.
The wafers were then cut using two methods. The first wafer was cut using a diamond
scribe and then broken by hand. The cuts were rough and resulted in scratches on the
sample surface. Gold wires were then bonded to the gold contact at 100 °C for less than
5 minutes after which the samples were oxidized in the quartz tube furnace and
subsequent reflectance data measured. The second wafer was cleaned (as described
above for cleaning the wafer without the application of heat) and then coated with 1818
photoresist. After the photoresist was applied the wafer was heated at 100 °C for 5
minutes in order to cure the photoresist. The wafer was then cut by a computer
controlled diamond saw. Each resulting sample was then cleaned to remove the
photoresist and then oxidized in the quartz tube furnace. Reflectance data was then
collected on these oxidized samples after which a gold wire was bonded to the gold

contact as described above.
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3.1mm — 76.2mm or 3" diameter

Figure 4. Mask #1 used in phase 1.

Samples were oxidized in the quartz tube furnace at 125°C under 20psi of a 50/50
oxygen/argon mixture for various lengths of time. The times were 45 seconds, 90
seconds, 135 seconds, 5 minutes, 10 minutes, 15 minutes, 30 minutes, 45 minutes, 60
minutes, and 120 minutes. Images of the noticeable color change in the oxidized samples

are shown in Figure 5.

Figure 5. Surfaces images taken of the prepared samples with optical microscope
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2. Sample Characterization

The oxidized samples were characterized using diffuse reflectance spectrometry and
the tunneling AFM. The diffuse reflectance spectrum provided band gap information and
information regarding surface particle size. The TUNA provided surface topography and
a current voltage relationship.

Reflectance data was collected on a Cary 5000 UV-Vis-NIR Spectrophotometer.
Background measurements were first collected on a reference plate of inert plastic
powder which the machine subtracted from the collected data. A zero reference was also
collected with no sample mounted in the machine. In order to ensure the gold on the
surface did not contribute to the measured data, an aperture was used to cover the
samples making sure only the copper was exposed to the incoming light. Consequently,
the aperture was also sampled which was later subtracted from the measured data. When
collecting data, the lights in the room were extinguished in order to ensure no background
light was interfering with the measurements.

A Veeco Dimension V mounted with a TUNA application module was used to collect
I-V information. The AFM was mounted with a SCM-PIC platinum-iridium coated
antimony doped silicon tip. The antimony doped silicon has a resistance of 0.01 -
0.025Qcm. The tip has a nominal radius of 20nm and a max radius of 25nm and a tip
height of 10-15um. The cantilever has a nominal spring constant of 0.2N/m with a
minimum at 0.1N/m and a maximum of 0.4N/m. The samples were mounted on Scotch
double-sided tape and then attached to a glass slide with the copper facing up. This

ensured the sample was fully insulated and no current would pass through the silicon
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wafer substrate. The AFM sample chuck was electrically connected to the copper
electrode (via the gold wire on the gold surface electrode) on the sample thus producing a
metal (copper)/insulator (copper oxide)/metal (platinum iridium coated AFM tip)
structure. A force plot was done on each sample before I-V measurements were
conducted. The deflection setpoint was adjusted to ensure a constant 10nN of force was
applied on each sample. Two sets of I-V data were collected. The first set of data was
conducted at -3.5V to 3.5V continuous ramp at 0.25Hz, 10pA/V current sensitivity, for
76 captures. This was repeated at 5 locations in the XY coordinates at (0, 0), (-250nm,
250nm), (-250nm, -250nm), (250nm, 250nm), and (250nm, -250nm). The second set of
data was collected at -3.5V to 3.5V continuous ramp at 0.25Hz, 100nA/V current
sensitivity (the least sensitive setting), for 24 captures. This was repeated at 5 locations
in the XY coordinates at (0, 0), (250nm, 0), (250nm, 250nm), (250nm, -250nm), and (-
250nm, -250nm).

The contact area between the tip and the surface can be modeled to a first
approximation by the contact of an elastic sphere with a flat elastic surface. Using this
model the area can be estimated using equations (1)-(2) where R is the contact radius, r
is the curvature radius of the tip (estimated at 20nm), F is the applied force (10nN), E is
the effective Young’s modulus, E; is the Young’s modulus of the surface (estimated
using the value of copper, 1.31x10"'N/m?), E, is the Young’s modulus of the tip
(estimated using the value of silicon, 1.69x10**N/m?), v, is Poisson’s ratio of the surface

(estimated using the value of copper, 0.351), and v, is Poisson’s ratio of the tip (estimated
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using the value of silicon, 0.278) [13]. This results in an estimated contact radius of

1.22nm and a subsequent contact area of 4.69nm>.

%
R-(3E) )
e 1o 1-u; )
El E2

The force applied on the surface and the resulting contact area is relatively small.
Elastic deformation is expected although plastic deformation of the surface would be
doubtful. With such a small applied force the probability of piercing the oxide layer and
making contact with the copper electrode is small. Electrostatic deflection due to the
applied bias between surface and tip is expected, although deflection measurements taken
concurrently with current measurements showed no indication of deflection. Similar tests
were conducted after this experiment where deflection was measured but current was not.
Force plots taken with the AFM indicate the existences of adhesive effects due to Van der
Waal’s forces. This force is relatively small (~1nN) as the tip approaches the surface and
greater when the tip retracts from the surface (~6-10nN).

The surface images were collected by the AFM in tapping mode using a silicon tip.
The tip was auto-tuned to ~74kHz before each image. The integral gain and proportional
gain were in general set to 0.5V and 1V respectively; minor adjustments were made to
improve image quality if needed. Scan settings were 0° scan angle, 1um scan size, 512

lines/sample, 512 lines, and in general 0.5Hz scan rate.
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I11.  Results and Analysis

1. Reflectance Results

Figure 6 shows the base data subtracted from the reflectance data from 200 to 800nm.
The absorption peaks can be more easily seen by subtracting this data from 100 as
illustrated in Figure 6. Noticeable peaks can be seen in the range of 650nm, 600nm,
470nm, and 200nm. Smaller peaks can also be seen in the range of 330nm and 250nm.
It is quite evident the wavelength of the peaks and their relative intensities changes with
respect to oxidation time. (See Appendix A Reflectance Results for further reflectance

data).
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Figure 6. Absorption vs wavelength
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Most of the observed structures and trends can be collaborated with reported results.
Copper has been reported to have absorption structures at 300nm and 550nm [14] which
are evident in the raw base sample spectrum (Figure 20). Features near 650nm in the
low-oxidation samples may be due to the optical properties of bulk copper. The reported
value for the band gap of bulk Cu,O is about 2.1eV or 591nm [15] which would explain
the peaks around 600nm. The band gap of bulk cupric oxide (CuQ) is around 1.2eV or
1034nm [15]; no noticeable features were seen in that range.

The peaks around 470nm and 330nm have also been reported to be the result of the
synthesis of Cu,O nanocrystals of varying sizes resulting in quantum effects [16]. Deki
et al reported a broad absorption shoulder at 350nm for 6.7nm sized particles [17].
Kndzinger et al reported a broad feature at about 450nm for Cu,O nanoparticles having
an average particle size of 9nm [18]. Banerjee et al reported the energy peak of one
feature increased from 2.25eV (551nm) to 2.6eV (477nm) with a decrease in particle size
from 8.6 to 4.8nm and another peak shifted from 1.77eV (700nm) to 2.37eV (523nm)
corresponding with a decrease in particle size from 8.6nm to 6nm [19]. From these
reports, the additional peaks in the collected data could be explained by the quantum
confinement effects from the growth of Cu,O nanocrystals on the surface of the copper.

Absorption spectrum observed in semiconducting materials is best described by band
theory. Atoms or molecules have distinct electronic energy levels as described by
guantum mechanics theory. As atoms are brought together by Van der Waal’s forces and
form into crystalline structures, these energy levels split due to the interactions from

neighboring atoms. As more atoms form the crystal the energy-level splitting continues

18



until the energy levels become nearly continuous and energy bands are formed (see
Figure 7). Such energy bands describe the properties of bulk semiconducting materials.
Electrons in the conduction band can absorb incoming photons and transition to the
valence band as long as the energy of the incoming photon is greater than the bandgap or
minimal distance between the highest point in the conduction band and the lowest point

in the valence band. This results in a broad absorption spectrum.
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Figure 7. Electronic energy levels depending on the number of bound atoms. By binding more and
more atoms together, the discrete energy levels of the atomic orbitals merge into energy bands
(shown here for semiconducting material). Semiconducting nanocrystals (quantum dots) can be
regarded as a hybrid between small molecules and bulk material.

Quantum confinement is a phenomenon that occurs when semiconducting materials

are confined in at least one of the three spatial dimensions by nanometer lengths. When
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the material is confined in all three dimensions the material is called a quantum dot. The
number of atoms in a quantum dot is such that energy level splitting occurs, but not to the
extent that banding occurs. Typically the resulting energy levels cause the minimal
energy required for electron excitation to increase resulting in a blue shift in the

absorption spectrum (see Figure 8).
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Figure 8. Schematic of quantum confinement effects of nanoparticles on bulk band structure.

This shift in the spectrum can be calculated from equations (3)-(6) [20]. Ewen
describes the energy of the potential well created by the quantum dot where m" is the

effective mass of the electron.

Bt =52

Ecou is the Coulomb attraction of the exciton which also contributes to the shift in

absorbed energy.

E _ -1.8¢?

Coul = 27eg,d (4)
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Eg.dot 1S the resulting expected energy shift in absorption. Inserting equations (3) and (4)

into (5) results in equation (6).

E = Eg,bulk + Ewell + ECOUI

g,dot (5)

72 1.8e°

g,dot = Eg,bulk + 2m*d? 2regyd (6)

E

A first order estimate of the diameter of the nanoparticle can be derived from the
energy of the potential well. Estimating the effective mass of the electron to be the
reduced mass of an electron with mass 0.99m, and a hole with mass 0.69m, and setting
the energy of the potential well equal to the difference in energy from the bandgap
(2.1eV) and the first observed peak (~2.6eV), results in a diameter of roughly 2.72nm.
Peaks at higher energies would indicate particles with diameters down to ~1nm (6eV
peak). The absence of peaks between 2.1 and 2.6eV might suggest particles in the range
of 2.72nm have the optimal energetic configuration for surface tension to volume ratio.
The 2.6eV peak decays in relative intensity with further oxidation after 15 minutes which
may indicate the particles are getting too close together and the band structure begins to
mimic bulk properties. Peaks in the higher energy range (>3.5eV) grow in relative
intensity with higher oxidation. This may be indicative of 1nm sized particles, but
presumably of different stoichiometry than the 2.6eV particles due to their propensity to
grow at higher oxidation times.

There are relatively few features in the low-oxidized samples (45 seconds to 135
seconds) suggesting the reflectance features are dominated by bulk copper with a

growing peak in absorption due to the onset of small oxidation films. The mid-oxidized
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samples (5 minutes to 45 minutes) show increased number of features at various peak
energies suggesting this distribution in various sized nanocrystals. As the samples are
oxidized further to 120 minutes, those multiple distinct features disappear suggesting the
material is behaving closer to its bulk properties. This assertion of growing surface
features is supported by the AFM scans below.

CuO is known to grow in conjunction with Cu,O in varying concentrations. These
inhomogeneous growths could alter the band structure in small regions consequently
affecting the reflectance data. Another observed effect on reflectance spectrum is the
influence of film thickness. When oxide thickness is on the order of the wavelength of
light, destructive and constructive interference could play a role in creating oscillating
peaks and valleys. The oxide thickness is at a maximum 100nm (thickness of the
deposited copper) and therefore does not exhibit that behavior. The oxide thickness,
however, could contribute to the relative magnitude of the peaks as the number of
absorbers increases with material thickness hence the increase in peak intensity. The data
has not been normalized, but a general trend can been seen as the oxidation time
increases the absorption peaks increase which intuitively would agree with the growth of

the oxide layer.

2. AFM Scanning Results

The AFM scan results show a trend in grain/particle size increasing after 15 minutes
of oxidation. From the 30 minute oxidation to the 120 minute oxidation the contrast in
peaks (bright yellow) and valleys (dark regions) becomes more evident. Furthermore, it

appears as though the width of the peaks increases while the number of valleys decreases.
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This would suggest the particles are increasing in both height and width. While these
larger peaks and valleys are on the order of 100s of nanometers and may not play a role
in the reflectance spectrum, small particles can to still be seen growing which is evidence

of the overall trend.

Figure 9. AFM 1pm x 1um scans. Note changing scales.

The Z range and Ry are the maximum vertical distance between the highest and
lowest data points in the image following the planefit. The SAgitference IS the percent
difference between the two dimensional surface area (1p x 1p) and the measured three
dimensional surface area. The Ry is the RMS roughness or root mean square average of

height deviations taken from the mean image data plane as expressed in equation (7).
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(7)

R, is the arithmetic average of the absolute values of the surface height deviations

measured from the mean plane as expressed in equation (8).

N
R, :ﬁ;‘zi‘ (8)

From this data a trend can be seen as oxidation time increase the range in feature
height increases and surface area increases indicating the growth of particles. These
features may be due to various surface phenomenons such as Ostwald ripening,
nucleation, or stress related features. Ostwald ripening describes the phenomenon of
small surface particles in an unfavorably energetic configuration detaching and diffusing
into the crystal. These particles contribute to the growth of larger surface particles.
Nucleation occurs similar to Ostwald ripening where particles tend to combine in order to
eliminate unfavorable energetic configurations and seek an optimal volume to surface
area configuration. The longer oxidation times would also provide the necessary time
and energy to allow these phenomena to occur. Copper generally forms in a face-
centered-cubic structure with a lattice constant of 3.61 angstroms while cuprous oxide
tends to form in body-centered-cubic structure with a lattice constant of 4.2696
angstroms. This variation in structure and lattice constant would conceivably result in
surface stresses which could possibly be relieved in surface buckling or cracks as seen in
the optical image of the 120min sample (Figure 5). Some surface features may also be a
translation of surface features of the copper deposition.
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3. TUNA Results

The TUNA data collected illustrates a the non-linearity of the I-V relationship of the
cuprous oxide films. The sample chuck initially begins with an applied voltage of -3.5V
and then ramps linearly to +3.5V; the measured current is recorded in the “trace” plots,
typically indicated by the blue lines. The sample chuck then ramps back down to -3.5V
completing the cycle. This current data from +3.5V to -3.5V is recorded as the “retrace”
data. It’s typical to see the current data flatline at a particular current magnitude
indicating the current has saturated the measurement device. Provided are typical
samples from the collected data (Figure 10 and Figure 11). Though these plots are
representative of data collected, the curves fluctuated over time and varied with sample
location. The curves taken of the 120 minute sample at 10pA/V sensitivity show very
unique and reproducible properties (Figure 12). At distinct voltages there is a peak in
current, opposite in sign to the applied bias and suggesting a negative resistance. This

was only seen in the 120min sample at that sensitivity.
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Figure 11. 60 minute sample, 10pA/V current sensitivity
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Figure 12. 120 minute sample, 10pA/V current sensitivity

The curves have distinct regions of ohmic/insulator properties, non-linear regions, and
more linear regions with steep slopes. Similar current behavior has often been described
by space-charge-limited-current (SCLC) theory [10]. SCLC theory attributes this
behavior to the injection of free carriers into available trap states within the bandgap. At
some threshold voltages the traps are filled at which point the behavior changes from
linear to non-linear or vice-versa. At voltages about 0V, the voltage is too small to
overcome the potential barrier created between the semiconducting material and the
conducting electrode and the current behavior is ohmic/insulator like. Each curve in
general follows SCLC theory with an ohmic region, a region following Child’s Law (I is
proportional to V%), followed by a steep increase in current at the trap-filled-limiting
voltage (V1r). SCLC theory would suggest this relationship should be reproducible

from cycle to cycle within a static material. Dong et al reported similar results for thin
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films of thermally grown cuprous oxide [11]. Their results, however, showed fairly
consistent behavior and steep linear drops when ramping back from positive to negative
voltages; something SCLC theory does not account for. This behavior is best described
as the resistive switching mechanism from a high-resistive state to a low-resistive state
and then returning to the former. Dong et al suggests this behavior is due to the drift of
mobile Cu® ions through the lattice forming multi-filaments which is supported by other
work. While some behavior in the results of the present effort could be described by
SCLC theory, the variation in the behavior and other attributes would suggest a different
mechanism is occurring within the lattice.

At times the data exhibits “diode-like” behavior and at other times exhibits a
hysteresis typical of memristive behavior. While the data clearly supports a non-linear I-
V relationship, it is, however, not constant. The samples appear to fluctuate from a non-
linear behavior to an ohmic behavior and then back to non-linear. The insulator region of
the curve grows and then contracts as time passes. The slope of the steep current region
changes with time. The hysteresis or difference between the trace and retrace fluctuates
with time. The threshold voltage changes in time. The curves show asymmetry from the
negative region to the positive region (behavior which could be described by the
difference in material of the electrodes injecting carriers into the lattice), which too would
change. Rarely do the plots show the same parameters. The relationship of current to
voltage is changing from curve to curve. The results reported by Dong et al indicate that

the current behavior seen in their setup is fairly consistent from cycle to cycle; which
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would agree with the suggestion by Waser et al[1] that the filaments grow and are
destroyed along the same path.

The results reported in this work show this system is not behaving in an expected
manner which is inconsistent with SCLC theory and the theory of a singular filament
path. Although the V1. has a higher occurrence at +0.32V (Yang et al reported a Vg,
of .35V [21]), it changes from cycle to cycle and sample to sample. This threshold
voltage indicates a potential barrier that the charge carriers must overcome before
increased current is measured. This barrier could be described as space-charge barriers
(consistent with Schottky barriers etc.), surface traps, or a combination of barriers. If
these threshold voltages are indeed due to space-charge barriers, the fluctuation in
voltage would suggest the system’s band structure is changing from cycle to cycle and
that the current does not flow along the same path or that the path changes; therefore,

different models to describe the system should be explored.

4. Mixed lonic-Electronic Conduction

Because the film is estimated to be very thin and the electric field would be very large,
this barrier might also be evidence of a threshold at which point mobile Cu™ ions begin to
move within the lattice creating a peak in current. This is consistent with the model of
fast ion conductors in solid electrolytes. The data collected in this work shows
similarities to that collected of a CuBr system that was demonstrating the effects of
mobile Cu ions within the CuBr film [22].

Voltages applied across films of nanometer thickness have exhibited mobile ions

within the lattice. Various descriptions have been used to model the behavior of ionic
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conductors. A hopping model describes a situation where static lattice defines a periodic
array of vacancies/interstitial sites into which mobile ions may occupy. The ions
continue to move to nearest-neighbor vacant sites (to include interstitial sites) via a
random walk under the applied electric field. The hopping model requires the ions to be
momentarily stationary and therefore excludes oscillatory behavior that is at times
observed. This introduces a continuous diffusion model that describes the mechanism as
a particle “freely” moving through the medium but taking into account scattering events
due to the lattice. Another model describes the conducting ions as a “lattice gas” dictated
by its interactions with the static properties of the lattice. The model uses a Hamiltonian
to specify the various energy configurations of the vacant lattice sites. Therefore this
“gas” could be “excited” into different lattice configurations [23].

Isolating the contribution of ionic conduction from electronic conduction would
appear difficult. Many models and theories, however, would suggest the conducting ions
are less mobile than the conducting electrons. This allows the use of impedance
spectroscopy to isolate the ionic contribution. Impedance is the opposition to alternating
current (AC). Under an AC field the electrons show quick response to the changing
polarity while the ions would lag behind. This lag is used to identify the conducting ions

in impedance spectroscopy.
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Figure 13. 60 minute sample, 10pA/V current sensitivity. Illustration shows mobile ions hopping
through Cu,0 lattice forming filaments. The flow of ions shows correlation with the electrochemical
potentials of Cu at £0.34V and +0.52V.

With mobile ions the system could be viewed as an electrochemical cell with
electrochemical reactions occurring (see Figure 13). Oxidation and reduction could be
occurring at the anode and cathode respectively. This model is in agreement with the
model of filament growth; as reduction takes place at the cathode (the tip is the cathode
when a positive bias is applied to the sample chuck), a build-up of copper will occur as
the Cu” ions in Cu,O are reduced. This build-up of copper is analogous with the growth
of a filament. This process will reverse as the polarity is changed. This model is
confirmed by the histogram analysis for the threshold voltages at which point current

increases rapidly. The electrochemical potential for the creation of Cu*/Cu®* from Cu(s)
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is .34V and .52V (see equation (9)) respectively—peak currents occur most frequently
near these voltages indicated by the histograms (Figure 14 and Figure 15). The slight
shifts in threshold voltage to higher voltages as oxidation time increases might be due to

the thicker oxide layer or slight changes in stoichiometry thus increasing the potential

barrier.
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Figure 14. Number of occurrences of the critical voltage vs. applied bias for the 10 minute sample at
10pA/V current sensitivity
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Figure 16. Average conductance vs applied voltage for the 15 min sample measured at 10pA/V
current sensitivity.
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Figure 17. Average resistance vs applied voltage for the 15 min sample measured at 10pA/V current
sensitivity.

Neither the curvature of the non-linear region nor the slope of the steep current region
is constant. Figure 16 shows the average conductance of all 76 captures taken at each of
the five locations for the 15 minute sample measured at 10pA/V current sensitivity.
Figure 17 shows the resistance of the same data. Both figures show a common trend of
changing properties within the material (if the observed phenomenon is not attributed to

the injection of carriers as described by SCLC theory).
— (10)

The equivalent resistance must include the gold wire, the gold electrode, copper, and
the oxide layer (resistors in series)—all except the oxide layer are assumed constant and

have very low electrical resistivity (peopper = 1.68x10°® Q'm, pgoiq = 2.44x10® Q-m) and at
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most a few centimeters in length. Therefore changes in resistance would have to be a
result in the changes in the thickness of the oxide layer and/or electrical resistivity of the
oxide. Resistance is dictated by the electrical resistivity (p) of the material, the area of
the contact (A), and the film thickness (I) (see equation (10)). The area of the contact is
estimated to be 4.69nm? from equations (1) and (2); the area is assumed to be constant as
long as the deflection due to the attractive forces of the electric field is minimal.
Deflection measurements taken concurrently with the TUNA current ramps showed
peaks in deflection on the order of femtometers (10™> m) and therefore negligible. Oxide
thickness would change if the system was modeled by filament growth due to mobile ions
or if there was an excess in oxidation at the electrodes. This filament growth or oxidation
should be no more than one order of magnitude in difference and therefore could not
explain changes that are more than two orders of magnitude. Changes in electrical
resistivity, a material property, would therefore be responsible for any significant changes
in measured resistance, which also could be explained by the changes due to mobile ions.
The samples tend to show relatively similar resistance as oxidation time increases (see
Appendix C.3 Resistance). A similar resistivity would imply similar stoichiometry and
thickness. Only the 120 minute sample shows marked difference from the other samples
in both TUNA current (for the data taken at 10pA/V) and visible color implying a marked
change in stoichiometry—possibly evidence of a dominance of CuO on the surface. The
small but noticeable resistance change from cycle to cycle evident in all samples is likely
due to the change in stoichiometry along the path. It is well known that resistance

properties change with preparation techniques for thin films as reported by Rahkshani

35



[24]. It therefore may be asserted that these small temporal changes in resistance are due
to a chemical or structural differences in the current path.

The change in these characteristics from location to location within a single sample
could easily be explained by non-uniform oxidation. The problem lies in describing why
the characteristics fluctuate temporally. As indicated with the model of the
electrochemical cell, the mixed ionic conductor would describe the changes as a system
under continuous electrochemical change due to the changing voltage. Many samples
showed high conductivity on the first ramp—indicating an ohmic channel—followed by
a non-linear and more “insulator-like” retrace (see Figure 18). This could be in
agreement with the concept of a conditioning process or forming voltage described in
many reports [1]. Many of the samples also show dips in conductivity at particular
voltages (shown in Figure 18) which could be an indication of ion movement as these
dips often occur at the voltages associated with the electrochemical potentials of copper

shown in equation (9).
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Figure 18. First capture of TUNA data taken on the base sample at the first location. Note the trace
begins in an ochmic form followed by a non-linear trace suggesting an electrochemical change in the
system. Also note the dips in conductivity in the negative voltage region of the retrace.

Using the base sample as a case-study (see Figure 33 of Appendix C.1 TUNA
Results), the first trace in the first capture indicates an ohmic behavior and appears highly
conductive. The following retrace in the first capture shows the system has undergone a
change to a non-linear system as described above indicating the existence of a low-
resistive state and a high-resistive state—illustrated by the trace and retrace respectively.
The dips in conductivity in the retrace might be indicative of ion movement as a filament
is being destroyed. The next capture shows similar properties but it appears as though
there might be ion movement prior to the retrace. Large dips in current flow are very
prominent throughout the base sample captures which might suggest this system has a lot
more fluctuation due to a higher electric field over the thinner oxide film. Periodically

the trace returns to an ohmic behavior which might indicate the tip has thermally drifted
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to a new location or the system momentarily has created a stable highly conductive
filament which is destroyed in subsequent captures by the movement of ions through the
system.

As stated above, the parameters fluctuate from curve to curve for all the samples
indicating some structural/stoichiometric change is occurring to cause this change. As
time increases the plots show decreases in conductivity—more curvature in the non-
linearity and larger “insulator-like” voltage regions—followed by increases in
conductivity until the plot becomes ohmic and could be a result of the electrochemical
process of filament growth/destruction. This process appears to be cyclical and the
period of the cycles seems to increase with oxidation time (see Appendix C.1 TUNA
Results). This cyclical behavior might be evidence of thermal drift of the TUNA tip
indicating the tip has moved slightly (<1nm) to a location where the path is more
conductive or a new filament path must be established. The period would increase as
oxidation time increased due to either less ability to drift due to surface structure or the
grain boundaries are larger and there are fewer boundaries to drift to. If the tip drifted
over a region of many grains, the resulting current data would indicate many cycles of
this change in conductivity. As the tip drifts over a sample with fewer grain boundaries,
there would be longer periods between changes which are evident in the data.

Another possible explanation for this fluctuation in the curves is the path of least
resistance is created randomly as ions overcome potential barriers and migrate to
vacancies within the lattice. A cyclical undertone in the data would therefore be evidence

that the change in the number of migratory ions decreases momentarily due to the
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environmental conditions at that instance. Looking at an overlay of all data from a
sample taken at one location and comparing these plots to each other it can be seen that
the distribution of paths changes with oxidation time (see Appendix C.2 TUNA Results).
For the low-oxidation samples the distribution of paths varies considerably. As oxidation
time increases it appears as though the variation in path distribution decreases. This
suggests there are fewer paths available or the paths are more similar lending to more
similar current measurements. As indicated above the contact radius is estimated to be
roughly 1.2nm and particle sizes are estimated to be >8nm from AFM scans and particle
size calculation reported in other works. This creates a situation where the tip could
overlay a number of configurations of grains boundaries and that number would likely
decrease as particle size increases. Presumably the path of least resistance would be
along grain boundaries. The particle size on the surface tends to grow in size with
oxidation time and changes the distribution of grain boundaries. As the number of grain
boundaries decrease with increasing particle size, the number of paths available for

current flow decrease making the variation in current measurement decrease.
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Figure 19. Tuna data for the 15 min sample at 10pA/V current sensitivity for all 5 locations and 76
captures at each location. Trace data is shown in blue and retrace in red. Overlay of data highlights

the distribution of current behavior. Narrower distributions indicate less available paths for current
to follow.

Another interesting feature is the change in the insulator region. It appears as though
the curvature in general increases and peaks at the 15 minute oxidized sample in which
there is a very distinct and relatively large insulator region (see Figure 19). The 45
minute sample doesn’t show as distinct a region, with the 60 minute sample having
curvature similar to the 5 minute sample (the 30 minute sample shown is atypical; the
other locations sampled show increased curvature). Looking at the reflectance data it is
noticeable that there is a peak that begins at ~420nm in the 135 second sample and grows
in relative intensity compared to the other peaks as the oxidation time increases. This
peak’s relative intensity is highest for the 15 minute sample at ~475nm suggesting this
band structure is the dominant factor dictating the form of the I-V curve. The peak is at a

higher energy corresponding to a larger threshold voltage seen in the I-V curve. The
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relative intensity compared to the peak located at ~650nm gradually reduces for the
higher oxidized samples and is at a minimum in the 60 minute sample which has a
corresponding reduction in curvature. As indicated before it is believed the peak between

~420nm to ~500nm is due to the growth of Cu,O nanoparticles on the surface.

41



I\VV. Conclusions and Recommendations

1. Contributions of Research

This effort highlights the electronic properties of low-temperature thermally-grown
cuprous oxide. The TUNA proved to provide highly localized and sensitive results.
These results support a random process in current path under the processing conditions
followed. Interesting electronic and optical properties of thermally grown cuprous oxide
were measured.

The data indicates the prepared system shows a non-linear I-V relationship and
hysteresis similar to reported memrisitve systems; however, it does not support the
concept of a singular filament path. The data may be more representative of a system
described by mixed ionic-electronic conductors within a solid electrolyte where mobile
copper ions move through the lattice under the influence of the strong electric fields. The
electronic behavior appears to follow a random process but shows a periodic temporal
fluctuation and indicates the behavior is dependent on grain boundary distributions and
oxidation state. Distribution of the I-V curves highlight this dependence on grain
distribution, namely the fewer the grain boundaries in contact with the electrode, the
more controlled the electronic properties respond.

lon mobility shows correlation with the electrochemical potentials of copper. A
histogram analysis of threshold voltages correlates to the electrochemical potentials of
copper in an electrochemical cell. The I-V relationship is similar to those reported in

efforts highlighting fast ion conductors indicating a similar phenomenon is likely.
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In correlation with reflectance data, the I-V data suggests band structure from surface
particles can impact the electronic behavior as indicated in the 15min sample.
Reflectance data and AFM scans collected also indicate nanosized particles are growing

on the surface and have a quantum effect on the band structure.

2. Significance of Research

This research shows some benefits of the capabilities of the TUNA and explores the
novel electronic properties of thin film cuprous oxide. It confirms the non-linear 1-V
properties and hysteresis common in thin films and explores the material properties
involved in the process. This research provides a basis for further research into
techniques to identify the mechanisms contributing to memristive and other unique

properties in thin film cuprous oxide and its use as a novel electronic device.

3. Recommendations for Future Research

The data collected in this effort raises many questions for future research. The data
reveals many interesting electronic and optical properties of cuprous oxide. Efforts could
be made to better understand the effect of film stoichiometry and thickness have on the
absorption spectrum which could be supported by x-ray photoelectron spectroscopy
(XPS) measurements. Further characterizing the particle growth as a function of
oxidation time and determining its effects on the electronic and optical properties of the
material. Further pursuits of a memristive device would be best suited by growing the
oxide layer from sputtering copper-oxide opposed to thermally growing the oxide. Many
efforts have already been made to characterize the electronic properties of sputtered

copper-oxide to fabricate.
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One method would be to test the electronic properties via a trial and error method with
thin film deposition. Create many cross-hatch devices in a sealed environment using a
copper oxide target and varying deposition parameters to test electronic properties.
Sputtering with copper oxide target may eliminate some variability inherent with thermal
oxide growth, but introduces new variability with deposition environment. This would
also eliminate the possibility of thermal drift of the electrode associated with AFM tip.

Testing the electronic properties via semiconductor probe station could provide a way
of comparing/contrasting the TUNA results and should provide an average response. It
would be prudent to characterize the thermal oxidation with ellipsometry, SEM EDS, and
XPS to assess chemical states and film thickness. These methods may also provide more
evidence of ion migration. Study of a horizontal MIM structure may make it possible to
further investigate ion migration. A horizontal M-I-M structure could be made by laying
thin conducting wires on a copper oxide surface and then severing the wire with a

diamond AFM tip.
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Appendix A Reflectance Results
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Figure 20. Raw reflectance data
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Appendix B AFM Scan Results

0.0 1: Height 1.0 pm

Figure 22. Base sample scan
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0.0 1: Height 1.0 pm

Figure 23. 45 second sample scan
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0.0 1: Height 1.0 pm

Figure 24. 90 second sample scan
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0.0 1: Height 1.0 pm

Figure 25. 135 second sample scan
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0.0 1: Height 1.0 pm

Figure 26. 5 minute sample scan
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0.0 1: Height 1.0 pm

Figure 27. 10 minute sample scan
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0.0 1: Height 1.0 pm

Figure 28. 15 minute sample scan
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0.0 1: Height 1.0 pm

Figure 29. 30 minute sample scan
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0.0 1: Height 1.0 pm

Figure 30. 45 minute sample scan
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0.0 1: Height 1.0 pm

Figure 31. 60 minute sample scan
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1: Height

Figure 32. 120 minute sample scan
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Appendix C.1 TUNA Results
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Figure 33. Captures 1-32 of TUNA data of the base sample taken from the flrst location. Note the
fluctuation in parameters, dips in conductivity, and a slight periodicity from non-linear behavior to
ohmic and back to non-linear.

58



)
TUMA Comand ()

TUMA Curiwid [pl)
g B g E
1 ﬁ\-i‘
TUMA Carvers [pi)
8 - 8 B
[
S
1
TUPA Courrmed {5y
E 8 - w B 8
8

1 a ? 1 1 ] i i ] 4 i A i i ] 3 )
DG Sameie B V) O Sarnede fias 1WA G- Sarrple Blps W) O Surels Bas IV
] 1. 1= ]
i o | 0 f 1 |'
|
A | O | % / I
} / I : ] I J
I a 7
¥ {7
3 i i 1 f § /
- ] J = - f
— / )|
i 4 . i s F o 3 35 i U Lo i
O Saevle flaa iV OF Sarrele Buas |V B Snrvels fiaa i B farmade las 194
- - - -

TUMA Cusvunl [pAY
g B

TUMA Cuvent A3
g B
kﬁ

TUMA Catvent 283
e B
|

TUMA Corent [pA)
: - ¥ B

o o0 o0 ||;'I— 10
g J 5w /! AR ) Z w f
i » i o i I -
i @ {1 3 ' 5 i ! 5§ & ff
e L ' ! f e Ll 5 J
- a D Swmaie Bias (V) 2 I D‘:‘Smﬂ:hlll\ﬂ = E I D:':SI’!UIDIII“ 3 : i U;':‘Sl'wzblll\‘] a

E
B B
]
8

= o 1 I'_ ™ =l
3. % = J(l 3. Jﬁ ? = |
oo 2 § 0 2 30 P u 4
§ #_.-’ fw /ﬁ'« g & ﬁ 5. /“J
- J - Jl “ ) I
. ! Saple . - . T amermain 1 = * Y amdientg T
10 10 - 1 I,f i fl
e r ,_[ i '[I i /
3¢ E [ 3@ ’j § n I 4
$ 3 fa jf R fl
™ ™ .-m ; o J
- - D:EWIDIII'H 4 - ' : EESU'U:DIIII“ 3 = ' 2 OF Semple Baas (V] .
3 o g o Il]i 3 o I.ll'_JI'— g [} F
= = | = | an
i EREE Ean pammns S| by
™ o L f - | —
. . P oy Y R e 1 SR = T g T
L] ] e L —— i [
% E] F ,'ll)lnll z III(_ F] Jljll
d ° E 1 ; E ; N =
o] 1o | 1o y

4 3 & ] H
02 Sumaly s 11 o famore s 11 B Seruis B 1 o Samais s 11

Figure 34 Captures 1 32 of TUNA data of the 5 mlnute sample taken from the flrst location. Note
the fluctuation in parameters, dips in conductivity, and a slight periodicity from non-linear behavior
to ohmic and back to non-linear.

59



A Eent (5l
8 & o u B
%
TUNA Carrene (p)

B R - 8 B
TUMA Csent ()
8 om &8
TUNA Caarant [pA)
BEa o s & ¥

[

o 1 E [ 1 el ] i 4 - 4 i
0F Savgle Buan {1 o g Be vy s Woimpntm (v 0 St B {1 :

o=

TUMA. Curvnd (58
8 & o 8 B B
TUBA Cumnt ()
A .8 @
TUMA. Cunrd [pt)
I RS e e
TURA, Curan [p4)
| B TR s S

0
-
&
i
"
&
-
ke
“
o

O Sampie Bt (V) ; 0 Sampie B () 0 S B {41

i
g

TUMA Currand i)
g &8 - 8 B B
Etj
TUBA Clmant ()
Eh o &8
TUBA Cument (B8
s o s BH
TUMA Cuamant (pA)
Ef o B

“
s
s
4
3
o
&
-
%

P |
O Sarmnle Bt ()

i
z

')
0 Samyie Bias V)

TUNA Cumerd 18
84 o ua B B
S
TUBA Cieni (38
B 8 - 8 E
TUMA Cusmed [pl)
B o n F B
TUMA Cumant )
Ef oo & B
Lﬁj

i
e
f
5

| S0 PR L | a a2 8. -1 I | a4 &

i i I} 4 @2 4. e i 2

Au
i
L
&
i
!
k-

TUNA Curierd (58
8 & o 8 B B
TUBA Comerd (18]
B A el
TUBUA Cunerd {p8)
i & ]
TUBGA Cmant (pa)
8 & o 8 B @

e na-!‘w o LR S ¥ L BT S ' a2 + 3

i
g

TUMA Cunent [pl)
B & - & B
TUNA Cimant (14
Ed om &
TURA Curaed ()
d o s BB
TURA Cumand [p4)
Ef oo w @ B

A |
O Samals Bt ()

[
i.
f

TUNA Corierd (58
8 &8 o 8 B B
TUBA Comurt (58]
8 8 o &8 @
TUMA Cunert {pt
I I T
TURYA Cumar (54
| T e ol

- ] 1 o
02 Sample Bt (V) 02 Sample Bias V)

" |
I Frsta Pl

8
3
¢
s
B
i
E
£

A L |
D ks Ml 1y

TUMA Cosind [l
B3 o & 8
TUBA Cumwe ()
8 o 8 B
%L
TURGA Cortad (8
& o 8 8 8
TLURA Cumant ()

b s 8§ %

4 3 & o a 40 8 i3
ﬂ:snwt’mm bl:s-uh | Mwht\ﬁ ncs-wa-m

Figure 35. Captures 1 32 of TUNA data of the 15 minute sample taken from the first location. Note
less fluctuation in parameters.

ir

60



PUBA Cd 1)
B & o # #

TUMA Cuntert 18
=

reed 8
B

TUMA
&

TLMA Euradd (58 TLMA Euareet (18 TLMA Cusrunt ()
= - = g

TUNA Baatund [ty

TUBA Curmct )

=

Figure 36. Captures 1-32 of TUNA data of the 60 minute sample taken from the flrst location.

B2 Sample B {1

]

TIRA Cumvant () TUMA Cummant {pa) TLMA Current (B FURA Coment (B4 TUNA Cumen (p4) TURA, Camrart (1h)

TUBA Curmant ()

TUBA Curmmnt )

R

f

A ]
D Samaie Bise 1%

T 0 fampls B {3

3

f
Tk Bl UM Cutrant 8

FUMA Cumeni (pA)

TLMA Corteet [pa)

TLMA Cuarack () TUBA st ot
=

TUBA, Custnnd 1)
=

-
™
@
™

b

i

i

]

2 o

a0

3 |
£ Eamgls B {3

TURA Cumet (28 TUBA, Cument (18) TUMA Comnt (p4)

TLA Curmeet [pl

LA Cumnet

TLMA Currvet

TUMA Cummnt ()

TURA Curmeet fp)

3 ]
< Saemple Biaa [

]

Note

the fluctuation in parameters, dips in conductivity, and a change in periodicity from the 5 minute
sample. It appears as though the current remains in one state for longer periods of time.

61



Appendix C.2 TUNA Results
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Figure 37. Tuna data for the base sample at 10pA/V current sensitivity for all 5 locations and 76
captures at each location. Trace data is shown in blue and retrace in red.

150 T . T T T

100F

I_h
L}
T

Current (pa)

t'h
o
T

-100 ¢

_150 1 1 1 1 1 | |
5 -3 -2 -1 o 1 2 3 4

Applied Bias (V)
Figure 38. Tuna data for the 45 sec sample at 10pA/V current sensitivity for all 5 locations and 76
captures at each location. Trace data is shown in blue and retrace in red.
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Figure 39. Tuna data for the 90 sec sample at 10pA/V current sensitivity for all 5 locations and 76
captures at each location. Trace data is shown in blue and retrace in red.

150 T T T T T T

100

Current (pA)
Lh
] L

i
L}
T

-100¢F

_150 1 Il 1 1 1 1 1
-4 -3 -2 - 0 1 2 3 4

Applied Bias (V)

Figure 40. Tuna data for the 135 sec sample at 10pA/V current sensitivity for all 5 locations and 76
captures at each location. Trace data is shown in blue and retrace in red.
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Figure 41. Tuna data for the 5 min sample at 10pA/V current sensitivity for all 5 locations and 76
captures at each location. Trace data is shown in blue and retrace in red.

150 T T T T T T

1001

I_h
i
T

Current (p &)

Un
)
T

-100C -

_1 5[] 1 1 |
-4 -3 2 =1 ] 1 2 3 4
Applied Bias (V)
Figure 42. Tuna data for the 10 min sample at 10pA/V current sensitivity for all 5 locations and 76
captures at each location. Trace data is shown in blue and retrace in red.
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Figure 43. Tuna data for the 30 min sample at 10pA/V current sensitivity for all 5 locations and 76
captures at each location. Trace data is shown in blue and retrace in red.
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Figure 44. Tuna data for the 45 min sample at 10pA/V current sensitivity for all 5 locations and 76
captures at each location. Trace data is shown in blue and retrace in red.
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Figure 45. Tuna data for the 60 min sample at 10pA/V current sensitivity for all 5 locations and 76
captures at each location. Trace data is shown in blue and retrace in red.
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Figure 46. Tuna data for the 120 min sample at 10pA/V current sensitivity for all 5 locations and 76
captures at each location. Trace data is shown in blue and retrace in red.
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Figure 47. Average resistance vs applied voltage for the base sample

sensitivity.
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Appendix C.3 Resistance
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Figure 48. Average resistance vs applied voltage for the 45 second sample measured at 10pA/V

current sensitivity.
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Figure 49. Average resistance vs applied voltage for the 90 second sample measured at 10pA/V
current sensitivity.
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Figure 50. Average resistance vs applied voltage for the 135 second sample measured at 10pA/V
current sensitivity.
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Figure 51. Average resistance vs applied voltage for the 5 minute sample

current sensitivity.
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Figure 52. Average resistance vs applied voltage for the 10 minute sample measured at 10pA/V

current sensitivity.
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Figure 53. Average resistance vs applied voltage for the 30 minute sample measured at 10pA/V
current sensitivity.
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Figure 54. Average resistance vs applied voltage for the 45 minute sample measured at 10pA/V
current sensitivity.
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Figure 55. Average resistance vs applied voltage for the 60 minute sample measured at 10pA/V
current sensitivity.
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Figure 56. Average resistance vs applied voltage for the 120 minute sample measured at 10pA/V
current sensitivity.
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